Advanced modulation formats call for suitable IQ modulators. Using the silicon-on-insulator (SOI) platform we exploit the linear electrooptic effect by functionalizing a photonic integrated circuit with an organic χ (2) -nonlinear cladding. We demonstrate that this silicon-organic hybrid (SOH) technology allows the fabrication of IQ modulators for generating 16QAM signals with data rates up to 112 Gbit/s. To the best of our knowledge, this is the highest single-polarization data rate achieved so far with a silicon-integrated modulator. We found an energy consumption of 640 fJ/bit.
Introduction
Modulators that can reliably access any point within a constellation diagram are needed to encode signals with advanced modulation formats. The realization of these key components as photonic integrated circuits (PIC) on the silicon-on-insulator (SOI) platform holds promise for low power consumption, low cost and high volume production. Currently, LiNbO 3 -based modulators are used for the most part. Exploiting the established infrastructure from scalable CMOS technology a new generation of silicon photonic devices emerges and is likely to substitute LiNbO 3 , especially when arrays of modulators will be needed.
CMOS process compatibility for fabrication is essential to further silicon photonic modulators. A common approach is to confine the production of SOI modulators to a few simple steps such as silicon etching, doping & annealing, deposition of dielectric layers and metal electrodes. And indeed, the most common silicon modulators that are based on a pin or pn junction within a silicon ridge waveguide rely on these CMOS process steps. In these modulators free-carrier dispersion is employed by injecting [1] or depleting [2] carriers. This gives control over the phase of light, but also changes the absorption, which makes arbitrary waveform generation intricate. So far, numerous silicon modulators using this principle have been demonstrated in resonant configurations [3] [4] [5] [6] . Also non-resonant designs [7] were published showing an attractive bandwidth for on-off-keying (OOK) at data rates up to 50 Gbit/s [8] . While an increase in modulation bandwidth seems certainly possible [9] , bandwidth limitations in electronics would favor advanced modulation formats with reduced symbol rates. That means going to complex modulation formats like quadrature-phase shift keying (QPSK) as shown at 28 GBd in [10] to transmit 56 Gbit/s in a single polarization is a more advanced way to increase the bit-rate. In addition, polarization multiplexing can be added to further double the bit-rate. In the aforementioned publication [10] it has recently been shown how polarization multiplexing can be realized on-chip.
CMOS compatibility also sets limits to the available voltages. In light of rather high reverse bias and RF voltages reported for high-speed implementations (with respect to achievable phase shifts in silicon) it is advisable to also consider the linear electro-optic (Pockels) effect. The linear electro-optic effect can be found in strained silicon [11, 12] . Alternatively, the very common technique of spin-coating can be used to add an electro-optic, χ (2) -nonlinear organic cover layer on the modulator waveguide [13] [14] [15] [16] in order to create a silicon-organic hybrid (SOH) device. Applying a voltage then results in an instantaneous, pure phase shift, exactly as in LiNbO 3 . This is an advantage over free-carrier based plasma effect modulation, where phase and amplitude modulation are linked. The free choice of cover material brings the potential to reduce currently reported voltage-length-products for high-speed modulation to 3.8 Vmm (at 10 Gbit/s) [17] or even lower for future advanced nonlinear organic materials, while pn-modulators so far show V π L ≥ 10 Vmm [18] (8.5 Vmm at 40 Gbit/s for a resonant structure [19] ). The SOH approach combines the advantages of silicon (fabless development, fabrication infrastructure, scalability to high volume production) with the strong χ (2) -nonlinearity of an organic material.
In this paper we demonstrate the first IQ modulator for advanced modulation formats on the SOI-platform which is suited to transmit multilevel phase and amplitude encoded signals in the C-band. By applying the SOH concept, our approach with pure phase modulators in an interferometer structure gives us the freedom to choose any constellation, and enables arbitrary signal generation. Because of its relevance in applications, we decided for a 16QAM format for demonstrating the so far highest single-carrier single-polarization data rate of 112 Gbit/s on the silicon-platform. We further show error free generation and reception of a QPSK signal at 56 Gbit/s.
Structure of the silicon-organic hybrid IQ modulator
The IQ modulator is constructed by nesting two Mach-Zehnder modulators (MZMs) as shown in Fig. 1(a) . These single-drive modulators are operated in push-pull mode at minimum transmission point, such that the resulting amplitude modulation of each provides the in-phase (I) and quadrature-(Q) phase component, when both MZMs are made to interfere with a phase shift of π/2.
To explain the SOH modulator concept a cross section of one MZM is presented in a simplified manner in Fig. 1(b) . Light propagates in the two slot waveguides (WG) shown in blue. They constitute the arms of the MZM and are filled with the nonlinear material. The large index contrast between Si of n Si = 3.48 and the nonlinear polymer n poly = 1.7 causes an enhancement of the electrical field of the optical quasi-TE wave inside the slot, see Fig. 1(c) . When a voltage is applied to the Si rails, it creates a strong electric field across the slot, see Fig. 1(d) . Thus a large and therefore efficient overlap is obtained between the electrical and optical mode. By attaching thin Si striploads to the optical WG an electrical connection is made to an RF coplanar waveguide (CPW), realized in a ground-signal-ground (GSG) configuration devised to have a 50 Ω impedance close to the RF source (similar to [20] ). The active molecules (chromophores) of the nonlinear material are aligned during fabrication by applying a poling voltage (depicted in green) from one ground electrode to the next, which results in an orientation of the χ (2) nonlinearity in both slots (green arrows) that is asymmetric with respect to the signal electrode (S). Thus in operation, when an RF signal on the Selectrode is applied, it will cause a positive phase shift in one arm and a negative one in the other, i.e., result in push-pull operation. Thus the MZM can deliver a pure amplitude modulation. Our implementation of the MZM is depicted as a detailed cross section in Fig. 2 . We start at IMEC with an SOI wafer (SOITEC). It has a 220 nm high waveguide (WG) layer on a 2 µm thick buried oxide (BOX). Using 193 nm deep UV lithography slot WGs (w Slot = 140 nm, w Rail = 220 nm, h Rail = 220 nm) with n-doped silicon striploads (h Stripload = 50 nm, As-doping with nominally 3 × 10 17 cm −3 ) are etched into the WG layer. Furthermore dry etching is employed to remove 70 nm of Si for standard grating couplers [21] and standard strip and rib WGs for low loss access waveguides [22] .
A silicide film (surrounded by highly doped silicon with nominally 1 × 10 20 cm −3 ) connects through tungsten-filled (W) vias to the copper electrodes of the RF transmission line. Using this CMOS-like metal stack a conducting connection between the RF transmission lines (guiding the electrical modulating wave) and the rails (guiding the optical field) is established. It allows crossings of optical WGs with electrical transmission lines, where the surrounding dielectric layers of mostly SiO 2 and Si 3 N 4 fix the distance to d Cu-BOX = 1.1 µm. This metal stack is ready to be extended with additional standard layers, e.g. to make aluminum pads for packaging. We finished this metal stack with a thin layer of SiC to protect the Cu from air for this proof-of-principle device.
To transform the 1.5 mm long slot WGs into active modulator sections, trenches are etched into the dielectric layers to expose the slot WGs by a combination of dry and wet etching. A commercially available and reliable [23] electro-optic polymer is spin-coated. This material (named M3 by the supplier GigOptix Inc [24] .) contains chromophores and is the very same material used in Telecordia certified polymer modulators of the same manufacturer. It is poled [25] inside the slot WG (alignment of the chromophores) by applying a DC voltage at elevated temperature to create the χ (2) nonlinearity in the same way as in [9] . The MZMs further consist of multi-mode interference (MMI) couplers. A transition from the slot WG to standard strip WGs is achieved by using a low-loss converter as described in [26] . These single-drive modulators are in turn nested within one large MZ interferometer with a path length imbalance of 40 µm. The I and Q path are operated each in push-pull with ground-signal-ground (GSG) electrodes, such that their operation points can be set by applying a bias voltage along with the RF signal. The phase difference between I-and Qcomponent can be controlled by changing the operation wavelength in this proof-of-principle PIC.
Demonstrations
The performance of the IQ modulator is determined by the properties of its nested MZMs. The electro-optic small signal frequency response S 21 of one MZM which is operated at its quadrature point is shown in Fig. 3 . The 45 GHz RF probes were not de-embedded. The modulated light output power is detected with a photodiode. The raw frequency response of |S 21 | is recorded with a vector network analyzer (VNA). When switching off the optical carrier, a noise floor from the optical detector is seen. The blue curves result from a moving average applied to the measured data (red dots). The inset shows a blow up of the averaged frequency response in the low-frequency region. The receiver's equalizer (red curve) compensates the overall frequency response (magenta curve). The gray vertical line at 0.9 GHz marks the reference for normalizing the response function. The horizontal grey lines mark the −3 dB and −6 dB deviations from this reference point. The uncompensated −3 dB limiting frequency is 6.8 GHz, the −6 dB limit is 21 GHz. This curve is atypical for a modulator insofar as the response drops sharply in a frequency range up to 1.7 GHz, see inset. Comparable curves were reported in Ref [9] . for a silicon modulator with a very similar EO polymer (M1) from GigOptix. The skin effect becomes more pronounced for higher frequencies; hence the RF loss increases strongly with frequency, especially for our relatively thin electrodes. A 3 dB bandwidth of 6.8 GHz results for this modulator. For higher frequencies the response flattens resulting in a 6 dB bandwidth of 21 GHz. The region with the sharp sensitivity increase toward lower frequencies does not significantly affect the transmission quality as demonstrated in our experiments. Line coding and forward error correction tend to avoid the lower spectral regions anyway. Instead of equalizing at the receiver (red curve in Fig. 3) as used for QPSK, we used a pre-emphasis for 16QAM in the transmitter. We keep the pre-emphasis filter length short, which means that it can be implemented as a lookup table in the transmitter driver electronics, which is available anyway for generating multi-level signals for higher order modulation formats. Fig. 3 . Electro-optic frequency response S 21 of our MZM (including the RF probes). The modulator is driven with a small-signal sinusoidal at the quadrature operating point. The modulated light output power is detected with a photodiode. The raw frequency response is recorded with a vector network analyzer (VNA). When switching off the optical carrier, a noise floor from the optical detector is seen. The blue curves result from a moving average applied to the measured data (red dots). The inset shows a blow up of the averaged frequency response in the low-frequency region. The receiver's equalizer (red curve) compensates the overall frequency response (magenta curve). The gray vertical line at 0.9 GHz marks the beginning of the frequency range which is of interest for data transmission (PRBS length 2 31 -1). This frequency was chosen for normalizing the response function. The horizontal grey lines mark the −3 dB and −6 dB deviations from this reference point. The uncompensated −3 dB limiting frequency is 6.8 GHz, the −6 dB limit is 21 GHz.
To test data transmission with the SOH IQ modulator, two random signals with a pseudorandom binary sequence (PRBS) of length 2 11 -1 have been created with an electrical arbitrary waveform generator (AWG) [27] at a symbol rate of 28 GBd (symbol duration is T s = 35.7 ps). Our PRBS length was limited, but in [28] we checked that a PRBS length of 2 31 -1 applied to a comparable modulator structure led to comparable bit-error ratios (BER). After amplification to a peak-to-peak driving voltage of 5 V and having added bias voltages (V π = 2 V at DC) of 0 V to 4 V (MZMs set to minimum transmission point), the electrical signal is fed via RF probes to the chip and connected to off-chip 50 Ω terminations, as shown in Fig. 4 . Light at 1545 nm is coupled with grating couplers (GC, >10 dB for both couplers), and modulated in amplitude and phase. Before reception with an optical modulation analyzer (OMA) for error detection, the modulated light is amplified, filtered and attenuated as needed. The same setup is also employed to investigate the dependence of BER on the optical signal- Generation of error free QPSK with equalization (19 taps, 1 per symbol) is reported next, see Fig. 6 , for the first time on the SOI platform at 28 GBd, also for direct comparison with [10] using the same equalizer length to reach 56 Gbit/s (the highest data rate reported on one channel and polarization). The EVM is 14.2 % and mostly due to the path imbalance. No errors could be found over minutes. The BER is plotted over OSNR showing direct BER measurements and EVM measurements translated to BER. This modulator is 5.5 dB from the theoretical limit of QPSK at a BER of 3 × 10 −3 . It is conceivable that equalization could be integrated on-chip along with driver electronics, as one can save on forward error correction efforts in this case. Fig. 6 . QPSK generation at 56 Gbit/s with an IQ SOH modulator; detected using equalization with 19-taps as in [10] . Error free operation is measured and displayed in (a) constellation and (b, c) eye diagrams. The BER is shown in (d) in dependence of the OSNR at 25 GBd and 28 GBd. Measurements of the EVM are translated to BER and depicted. 
Discussion and conclusion
Advanced modulation formats not only bring higher spectral efficiency, but also a reduction of energy consumption of the modulator for a given driving voltage. Assuming a 50 Ω termination and a measured driving voltage of V pp = 5 V (pre-emphasis reduces the effective voltage further, which is included in this estimation) we follow the recipe by [30] and find an energy consumption of 640 fJ/bit. Further improvements are to be expected when better nonlinear cladding materials are found [31] and, supposing driver electronics can be closely integrated, if the modulator's impedance can be designed to allow lower drive powers. Considering that an 8-tap pre-emphasis could be most easily implemented as a lookup table in the same electronics which generate the multi-level signal there is no demand for extra effort such as equalization.
This demonstration proves the potential of SOH modulators to compete with LiNbO 3 in its core domain of advanced modulation formats, and holds the promise for a reduction of cost, energy consumption, and size, in particular when making multichannel arrays. This extends the application range of silicon modulators further into long haul and access networks, which have been shown to strongly rely on ever more advanced modulation formats [32] , while contending with symbol rates in a very similar range as the one used in this experiment.
